The temperature characteristics of bipolar cascade lasers operating up to 80°C with room temperature, continuous-wave differential slope efficiencies of 93%, are reported. The continuous-wave characteristic lasing threshold temperature, T 0 , of the device is found to be 103 K for heatsink temperatures below 40°C, dropping to 56 K for heatsink temperatures in the range 50-80°C. Two separate regions are found to exist for the characteristic temperature of the differential slope efficiency, T 1 . The temperature of the topside metal contact versus bias was measured directly using a microthermocouple probe. Finite element modeling showed good agreement with measured surface temperatures. The simulations indicate that, prior to the onset of lasing in the bottom active region, nonradiative recombination heating in the bottom active region significantly heats the ͑lasing͒ top active region, leading to a reduction in the differential slope efficiency of the bipolar cascade laser.
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͓S0003-6951͑00͒02428-1͔
Bipolar cascade lasers ͑BCLs͒ are capable of demonstrating voltage, incremental resistance, and differential slope efficiencies that are ideally the sum of the individual laser junctions in the cascade. The first room temperature ͑RT͒, continuous wave ͑CW͒ performance of a BCL was recently reported with a demonstrated differential slope efficiency of 99.3%. 1 Cascade architectures are being pursued in vertical cavity surface emitting lasers to increase the single mode output power, 2,3 while cascaded edge emitters have application in high power arrays 4 and enjoy improved signalto-noise ratio when employed in directly modulated optical links. 5 The BCL ideally operates by having each injected electron participate in a recombination event in the topmost active region, then tunnel from the valence band of the first active region into the conduction band of the next active region, participate in another recombination event, and so on through each stage of the cascade. 4, 6 In this way the quantum wells ͑QWs͒ of the separate active sections are coupled in series, as opposed to the parallel filling of conventional multiple quantum well devices. A cascade of N sections then requires a voltage bias of N diode voltage drops. Since the threshold current of each active region is ideally the same as a single stage laser, the direct current ͑dc͒ power dissipation, and hence, the heating, of the BCL also goes up linearly with the number of cascaded sections. It can then be expected that this increased heating will effect the thermal properties of the BCL. This letter reports on a study of the characteristic temperature (T 0 ,T 1 ) behavior of gain-guided, Fabry-Perot, RT, CW BCLs.
The growth parameters and device structure of the BCLs used in this letter are the same as reported in ) doped GaAs. The tunnel junction doping densities were verified by secondary ion mass spectroscopy and Hall measurements.
The devices used in the thermal study for this letter are 300 m long devices with a single high-reflectivity ͑HR͒ coated facet (Rϭ95%). All devices have Fabry-Perot cavities and are gain guided. The lasing wavelength of both QWs is ϳ990 nm. Shown in Fig. 1 is the temperature dependence of the light power versus injected current for a representative 20 m wide HR-coated device. In spite of the gain guiding, the RT, CW peak slope of the output is 1.12 W/A ͑a differential slope efficiency of 93%͒. This device continues to lase at heat sink temperatures up to 80°C. Below the heatsink temperature of 50°C, an abrupt change in slope efficiency can be seen at ϳ50 mA, indicating the second junction has achieved threshold. Above heatsink temperatures of 50°C, APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 2 10 JULY 2000 the second junction does not exhibit a clear lasing threshold. An important figure of merit of a laser is the characteristic temperature, T 0 , which describes the sensitivity of the devices threshold current to changes in temperature. In Fig.  2͑a͒ it can be seen, that for the BCL devices being studied here, the CW T 0 ϭ102.5 K over the heatsink temperature range of 10-40°C, but drops off dramatically to 55.7 K for heatsink temperatures in the range of 50-80°C. Over the entire temperature range of operation T 0 ϭ76 K. The qualitative temperature performance of the BCL is similar to that of conventional lasers. A detailed study of the performance of conventional, two QW designs using InGaP cladding, InGaAs active regions, and GaAs waveguide regions, was reported in Ref. 7 . The devices of Ref. 7 exhibit dramatic degradation in performance (T 0 and internal loss͒ for temperatures greater than 40°C, and for devices less than 600 m in length. In Refs. 7 and 8, internal optical loss was found to increase dramatically ͑doubling to tripling͒ for heat sink temperatures greater than ϳ40-50°C. Other studies of conventional broad area InGaP/InGaAsP/InGaAs lasers, operated pulsed, have reported T 0 values of 194 K ͑in the temperature range 10-50°C͒, 9 and 223 K, 10 for devices operated in the heatsink temperature range of 10-40°C. The increase in quasi-Fermi level separation required to reach threshold with increasing temperature, and the associated smearing of the Fermi distributions, was proposed in Ref. 9 as the mechanism responsible for the temperature dependent optical losses.
The signal-to-noise ratio in optical links employing directly modulated lasers goes to the square of the differential slope efficiency of the lasers. 5 Therefore, the temperature dependence of the differential slope efficiency, characterized by the temperature T 1 , merits study. Two values for T 1 can be extracted for the BCL, corresponding to the temperature dependence of the differential slope efficiency both below and above the onset of lasing in the bottom active region in the L -I slope. For the 20 m wide HR coated device, the values of T 1 are 104.5 K ͑below the second active region's threshold͒ and 46.7 K ͑above the second active region's threshold͒ ͓Fig. 2͑b͔͒. Here again, consistent with the reported increase of optical loss with temperature, it is seen that T 1 drops most dramatically above heatsink temperatures of 40-50°C ͑from 104.5 K to 47.6 K͒.
While the electrical series coupling of the two QWs of the BCL accounts for the device's high slope efficiencies, the series thermal coupling of the two QWs in the BCL is expected to be problematic. The two QWs of a conventional multiple QW laser are also thermally connected in series, but in the conventional laser each QW has an associated dc power dissipation of I th V diode /2, while for the BCL each active region dissipates I th V diode of dc power. To quantify this hypothesis, the top surface temperatures of the BCL and a conventional single QW InGaP/GaAs/InGaAs laser were measured as a function of bias current density.
The data points in Fig. 3 show the surface temperature of a 20 m wide and 300 m long BCL ͑with different L -I characteristics than those of the earlier described device͒ and an uncoated conventional 20 m wide, 500 m long InGaP/ GaAs/InGaAs laser versus current density. The BCLs threshold current is 40 mA and the conventional laser's is 80 mA. The length of the conventional laser was chosen so as to have similar mirror losses as the BCL. Measurements were made by directly touching a calibrated microthermocouple to the metal biasing contacts. The microthermocouple was calibrated against a National Institute of Standards and Technology ͑NIST͒ traceable thermistor known to be precise to Ϯ10 mK and accurate to 2 K. The Cu/constantan metal leads of the thermocouple are approximately 25 m in diameter, and hence, have a thermal mass too small to effect the surface temperature of the lasers during the measurement. The bottom-side heatsink temperature was maintained at 20°C with the laser submount thermally connected to the heatsink via thermally conductive silicone paste. The BCL heats over twice as quickly as the conventional single QW device. Secondary evidence of the increased temperature of the QW is found by comparing the slope efficiency of the single QW conventional laser with the slope efficiency of the BCL. The conventional device has a slope efficiency of 60%, while the BCLs 93% efficiency is well below the expected 120% efficiency.
To put these observations on firmer quantitative footing, finite element modeling of both the BCL and the conventional, single stage InGaP/InGaAs/GaAs laser was performed. In the simulations, nonradiative recombination in the QW/waveguiding regions acted as the primary heat sources, with a small contribution from joule heating-as estimated from the measured differential resistance. In the case of the BCL, below the threshold of either active region, the power dissipation for each active region was set equal to one half of the product of the measured current and voltage bias across the device, minus emitted radiation and differential resistance losses (IV -P out -I 2 R differential ). The I 2 R differential loss was taken to occur at the topside contact since R differential is dominated by the p-type contact resistance. Above the threshold of the top active region, all further increases in voltage across the device were taken to occur across the bottom, nonlasing junction ͑nearfield imaging has confirmed the top active region is the first to reach threshold͒. Above threshold, the emitted light power was subtracted from the IV power product. The bottom boundary condition of the simulations was set equal to the heatsink temperature of 20°C, while the lateral boundaries were set equal to the measured values 150 m to either side of the device under test. The metal contact-air interface boundary was modeled using a Neumann boundary condition.
The solid lines in Fig. 3 show the surface temperature values as determined by simulation. Very good agreement between simulation and measurement can be seen, indicating the simulations can provide insight into the temperature distribution within the devices. The temperature of both active regions was found to be nearly equal to that of the surface. Ideally, it is expected that upon reaching threshold all additional power input into a laser is transduced into laser light, save for a small amount consumed by joule heating, with a resultant sharp decrease in the rate of device heating. The most striking and important result illuminated by the simulation, however, is that even when the voltage of the lasing ͑top͒ active region is clamped, the unclamped ͑nonlasing͒ bottom active region continues to act as a significant source of heat for the top active region. While current spreading through the device results in a threshold current which is larger for the bottom active region than the top, the top active region also acts as a heat source for the bottom active region, further delaying onset of lasing for the bottom active region. The poor thermal properties of the ternary semiconductor alloys, such as InGaP, and the low aspect ratio of the GaAs waveguide prevent good lateral heat conduction while little heat dissipates through the poorly conducting metal contact-air interface. By the time the bottom active region reaches threshold, the thermally increased optical losses have compromized the differential slope efficiency of the BCL.
The dashed lines in Fig. 3 are the active region temperatures calculated using the thermal impedance given by Z T ϵln(4h/w)/(l) where h is the height of the device, w is the stripe width, l is the length of the device, and is the thermal impedance of the material. There is excellent agreement between the calculation based upon Z T and the measurements of the surface temperature for the conventional device. For the BCL agreement is good for bias current densities less than 800 A/cm
